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Though carbon dioxide is the main green house gas due to burning of fossil resource or miscellaneous chemical processes, we propose here
that carbon dioxide be a new material for energy storage. Since it can be the key to ﬁnd the solution for three critical issues facing the world: food
ecosystems, the greenhouse issue and energy storage. We propose to identify the carbon recovery through a circular industrial revolution in the
ﬁrst part, and in the second part we present the starting way of three business plants to do that from industrial examples. By pointing out all the
economic constraints and the hidden competitions between energy, water and food, we try to qualify the phrase “sustainable development” and
open the way of a huge circular economy.
& 2014 Chinese Materials Research Society. Production and hosting by Elsevier B.V. All rights reserved.
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Carbon dioxide is well known to everyone and considered
by many as an undesirable substance, which is a real problem
for the world. However, it has to be recognized that it is
the essential vehicle for photosynthesis energy storage and
has been the key feedstock for the production of the world's
fossil fuels like oil, coal and natural gas over last millions
of years.
Do we appreciate all the beneﬁts that the entire world could
enjoy if mankind can re-engineer what nature has done so well10.1016/j.pnsc.2014.06.006
14 Chinese Materials Research Society. Production and hosting by
g author at: Ecole Nationale Supérieure de Chimie de Paris (ENS
ss: jacquesamouroux@gmail.com (J. Amouroux).and understand the impact that it could have on sustainable
development?
In this report we will show how carbon dioxide can be the
key to ﬁnd the solution for three critical issues facing the
world: food ecosystems, the greenhouse issue and energy
storage, where we propose to identify the carbon recovery
through a circular industrial revolution in the ﬁrst part, and in
the second part we present the starting way of three business
plants to do that from industrial examples. By pointing out all
the economic constraints and the hidden competitions between
energy, water and food, we try to qualify the phraseElsevier B.V. All rights reserved.
CP), Université Pierre et Marie Curie Paris, France.
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economy.2. Sustainable developments: constraints and reality
2.1. Materials recycling
Starting in the ﬁeld of sustainable development we have to
qualify circular economy and sustainable development for
material and energy.
From the last international studies, we can propose a circular
economy for all the material including carbon dioxide. How-
ever, currently many new industrial processes were developed
even if they require energy and produce additional wastes.
Circular economy for materials is shown in Fig. 1. We can
identify the main steps of an industrial material during its life
time, from innovation to technology development to market,
and ﬁnally to material deconstruction, unfortunately the
material deconstruction is less done currently. While the green
circle in inset of Fig. 1 shows the knowledge management as
well as the ﬁnancial aspect of the circular economy, including
the patents, the royalties and the asset management.
From this point of view, carbon dioxide could be managed
as one of the next raw material if we accept that around the
world, carbon capture and storage (CCS) should be the rule in
the next decade (US declaration of President B. Obama in
September 11, 2013).2.2. Energy management
Energy management is much more complex than material
processes, we have to remember that all the energy is at the
end of any kind of activity (industrial or human) captured by
the black hole of entropy, that is why energy consumption
increases with the number of steps of every process while its
energy efﬁciency decreases. The main difﬁculty in industry is
to optimize energy consumption.
Every energy comparison of industrial process should assure
that we start with the same material and the deconstructionFig. 1. Circular economy for material.process should be taken into account. It is one of the main
difﬁculties to compare different processes of energy production
with or without carbon dioxide emission. Some dirty steps can
be transferred outside or the water consumption is forbidden in
the ﬁnal calculation.
From different technical processes we can point out that
most industrial processes are close to 8–10% of energy
efﬁciency, for the best one 90% of the primary energy is lost
in entropy production (natural biological processes are close to
0.1–1% of energy efﬁciency).
One of the main evolutions in the past one and a half
century is the energy consumption, as shown in Fig. 2, it was
25 GJ/capita/year or 7000 kW h/capita/year before the indus-
trial revolution, and it became 350 GJ/capita/year or
97,000 kW h/capita/year in 2013. Today 85% of the energy
is produced from fossil reserves around the world, that
explains the large emission of carbon dioxide close to 50 giga
tons/Y.2.3. Energy and demography
If we observe the evolution of the energy consumption
shown in Fig. 2, its increase starts in the middle of the 19th
century with a consumption at this time of 25 GJ/capita/year
(7000 kW h) and reaches 350 GJ/capita/year (97,000 kW h) in
2013. At the same time the entire international statistics in the
inset of Fig. 2 indicates a parallel increase of the world
population while the main energy resources are coming from
fossil reserves of 85%.
Since most energy comes from fossil reserves, the carbon
dioxide emission is a major challenge because it is the ﬁnger
print of our energy consumption, any kind of modiﬁcationFig. 2. World energy consumption in the past 150 years.
Fig. 3. Sustainable development from (UNESCO–RIOþ20).
Table 1
Predicted electrical production for 2020 and 2050.
2020 (billion MW h) 2050 (billion MW h)
Coal 6.1 16.7
Petroleum 0.694 0
Natural gas 5.6 13.9
ENR 1.4 5.6
Nuclear power 2.2 2.8
Waste 0.6 1.1
Cogeneration 2.8 5.6
Total 19.4 45.7
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human activities. The main international proposal from Kyoto
protocol to the last conferences on Climate change (2013) is to
develop noncarbonated energy sources and at the same time
capture carbon dioxide for an artiﬁcial photosynthesis process.
We will discuss about that later.2.4. Sustainable development from UNESCO
From the meeting of the United Nations Educational,
Scientiﬁc and Cultural Organization (UNESCO) RIOþ20
(2012), the proposal for a sustainable development needs
equilibrium between social, economic and environment con-
straints as shown in Fig. 3. However, the best indicator of the
index of human development seems the electrical consump-
tion, this is why CO2 emission gives us the ﬁnger print of the
human activity. Therefore, a new proposal for the sustainable
development is to develop decarbonated energy sources like
photovoltaic, wind turbine, tidal turbine, or nuclear power, and
thus we are able to develop electrical power sources without
combustion processes and decrease the CO2 emission. In 2103,
world average total energy consumption is 18,000 kW h/
capita/year, and it reaches 97,000 kW h/capita/year in few
developed countries. We propose that 4000 kW h/capita/year
may be a balance energy consumption for sustainable
development.3. Carbon dioxide cycle and carbon dioxide emission
Though the well-known carbon cycle has been at work for
millions of years, the exchanges between vegetation, atmo-
sphere and oceans have changed during the past centuries. It
might partly be due to deforestation or a more extensive usage
of fossil combustibles, where the excess CO2 emission reached
13.6 billion tons in 2013.
In the studies completed by glaciologist Claude Lorius, it is
shown that CO2 atmospheric concentration increased from
280 ppm of one and a half century ago, to 400 ppm recently.
These studies were conducted by using deep ice samples in
glaciers. The last prediction points out a level of 500 ppm in
2050 with a strong modiﬁcation of the climate. The major
mechanism is the large difference of kinetic between industrial
production and vegetation enzyme reactions of storage.From the international prospective, as can be seen in
Table 1, the electrical production is able to double in the next
40 years, so that the question of new sources are the key of our
civilization. The European parliament has explored a political
path in this regard that we will present later on.
One recurrent question today is: can we modify the role of
carbon in our civilization? And for a sustainable development,
carbon recovery appears the best solution in agreement with the
photosynthesis process, however, can we imagine an industrial
carbon dioxide recovery with creative new processes?
3.1. Management of carbon based energy sources
There are tight relations among CO2 outputs, consumption
of our carbon based fossil fuels and energy usage in different
sectors of our life. The increase in CO2 output should lead us
to think whether it is sustainable to keep going at the same
pace and to explore in which areas we can switch energies, in
which areas we will probably be bound to stick with carbon
based fuels for a while and what we could do to curb a fast
depletion and possibly initiate some repletion of our carbon
based fuels.
There are three pathways representing the different energy
sources and their interactions. One is carbon-based fuels and
biomass used for transportation (aircrafts, vehicles, and boats)
and heating, which are CO2 producers. The second is non-
carbon based electrical energy sources such as nuclear, wind
power, solar energy, hydro and geothermal energies. The third is
sun power, or solar energy, it is also the engine of agricultural
production along with a key element: water. However rainwater
depends on a thermic cycle going from the surface of oceans and
the forest to the atmosphere with earth in between evaporation of
water and the condensation phenomena to our ecosystems. It can
be stored in a natural or artiﬁcial manner and can be used as
energy storage as well in dams (for hydraulic power plants with
a storage efﬁciency of 60%).
A few key data regarding water, the price and characteristics
of the main known sources of energy should be kept in mind
when discussing the management of energy resources.
3.2. Economic data about energy sources [1,2]
An international proposal for different kind of energy
resources is listed in Table 2, where a comparison in USD
Table 2
Price of energy from various raw materials.
Cost of raw material Price of energy ($/gigajoule)
Oil: $85 per barrel $14
Oil: $90–107 per barrel ($100.32, Dec. 2013) $15–17(Dec. 2013, west Texas intermediate)
Oil: $105–125 (112.18, Dec. 2013) $17–20 (Dec. 2013, Brent)
Nat Gas (US) $4.37 (Dec. 2013)
Shale gas $1.99 (Apr. 2012)
Coal (US, average $68/t) $3.2–3.7 (2013)
Coal (Europe,€75–100) $7.00
Electricity: 40–80 €/MW h $15.1–30.4
US dry biomass feed stock (from corn stover) $3.8 (for productions41 million tons)
Wood pellets (USA, $200/t in 2009) $11
Wood pellets (USA, $400/t in 2013) $22
Carbon emission taxes (ETS) $6–7/t (Dec. 2013)
Table 3
Water requirement for energy production(liter per MW h) [3].
Energy production Water requirement
(liter/MW h)
Oil extraction 10–40
Oil reﬁning 80–150
Coal integrated gasiﬁcation combined cycle 950
Natural gas combined cycle power plant 200–3.000
Nuclear plant closed loop cooling 950
Geothermal power plant in close loop tower 1.900–4.200
Enhanced oil recovery (EOR) 7.600
Nuclear power plant open loop cooling 94.000–27.700
Ethanol from corn (irrigation volume) 2,270,000–3,670,000
Soybean biodiesel (irrigation volume) 13,900,000–27,900,000
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which is currently between 100$ and 125$ per barrel (2013–
2014) implies an energy price between $15 and $20/GJ.
On the other hand, natural gas in USA had tumbled down
from $4/GJ to $2.0/GJ in 2012 following massive supply from
shale gas wells (500,000 shale gas wells have now been
opened in USA), but its price increased and reached $4.62/GJ
in March 2014. Coal is around $2/GJ ($1.4/GJ for Illinois
Coal). Biomass comes around $3.8/GJ while wood is around
$11/GJ.
3.3. Water requirement and energy production
The production of electrical energy requires a certain amount of
water which varies according to techniques, and the necessary
amount of water used for the production of one unit of energy
(1 MW h) is listed in Table 3. Two interesting examples can be
seen from Table 3: gas turbines need 0.2 to 3 m3of water per
MW h, while in the case of biofuels (ethanol out of corn or
biodiesel out of soybeans), 20,000 m3 per MW h is required.
3.4. Worldwide energy needs
By extrapolating data from Table 3 to 2050, the future
electrical energy needs have been estimated assuming a
population of 9 billion (Table 1).With the energy price and availability data mentioned earlier
in mind, two main energy sources will emerge as critical: coal
and natural gas, and the production of the latter should be
multiplied 2.5 times to 3 times. On the other hand, renewable
energies such as solar energy, wind energy, geothermal energy,
and hydraulic energy should also step up signiﬁcantly in
output. These data allow us to catch a glimpse of what global
CO2 output will be, coming mostly from carbon based fossil
fuels: coal/shale gas/oil. We must consider seriously on how to
tackle this issue while handling the sporadic availability of
renewable energies such as wind power and solar energy.
4. Renewable energy sources and shale gas revolution
Sustainable development needs to manage carbon emission,
i.e., decreasing the carbon dioxide emission and at the same
time increasing the de-carbonated energy source.
4.1. Shale gas development
Before starting in the carbon recycling, we have to take a
look about the competition between non-carbonated energy
(NTE) and non-conventional fossil reserves like hydrocarbons,
shale gas, and hydrate of methane. The price of natural gas is
different among various countries, as listed in Table 4, the
great advantage of the energy cost from the non-conventional
hydrocarbons like shale gas in USA is very clear. We have to
remember that the carbon dioxide emission from methane is
only 30% of the coal combustion for the same energy
production; that is why de-carbonated energy and natural gas
are one of the challenges of the next 50 years in term of
international energy competition. A connection between nat-
ural gas and carbon dioxide is one of our challenges for carbon
recovery and energy storage.
4.2. Renewable energy sources and electrical network
regulation
Renewable energy sources around the world are mainly
biomass resources, and it has been decided by the European
Parliament in 2008 to increase the electrical production from
Table 4
Natural gas price for different countries in dollar per million of BTU
(1 GJ¼0.948451 BTU) [4].
Country Price ($/million BTU)
Japan 15.59
Germany 11.86
UK 9.48
Brazil 9.46
US 2.74–4.65 (2014)
Saud Arabia 0.75
China 14.10
South Korea 14.5
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biomass and photovoltaic. Today the renewable energy source
proportion in Spain, Germany, Denmark, and Scotland reaches
20%, while in France the energy source from hydraulic and
nuclear plants is up to 80% (de-carbonated energy).
Mapping renewable energies in the changing needs of
energy should consider several characteristics: variability,
intermittency and density. For instance, it is interesting to
notice that wind-power does not produce energy on demand
but only when there is wind, and this is not bound to match
peak demand. As a matter of fact, it almost never does. In the
case of solar power, although we know cycles better, we have
similar issues, as demand variation does not match
supply cycle.
Yet our civilization is used to having energy on demand,
and switch on light, coolers, and heaters whenever needed.
This apparently normal and natural demand implies extremely
tight energy production requirements in terms of organization
and speed of response. It is therefore challenging to develop
renewable energies and adapt new technologies to our needs.
4.3. Challenges for future energy resources and how will the
current energy sources evolve?
Development of photovoltaic and wind turbine electrical
sources open the way of a new mixed electricity on the
network, however, energy storage of renewable energies has
risen to major challenge today, i.e., how to “store for later”
these new sources of energies is a problem since these
renewable energies producing at times may be uncorrelated
with our demand.
Currently, following tools are available and on the way to
dramatic improvements. Lithium-ion batteries, which are the top of the line in
battery technology, have an energy density of approxi-
mately 0.250 kW h/Kg. In other words, 60 kg of battery can
store 15 kW h. However, challenge is still severe, a 60 Kg
fuel tank generates 660 kW h, which is 44 times higher!! Paul Sabatier, a Nobel laureate in chemistry 1912, proposed
another highly relevant idea, and more recently by Georges
Olah Nobel laureate in chemistry 1994. Using CO2 as a
feedstock plus energy (compression) and hydrogen (H2) toproduce synthesis fuel, like CH4 (Methane) or CH3OH
(Methanol). Here the Fischer–Tropsch process is utilized,
i.e., CO or CO2 reacts with H2 using cobalt or other metallic
based catalyst to output hydrocarbons ranging from CH4 to
longer hydrocarbon molecules such as oleﬁns and parafﬁn's,
however, currently the energy balance is still the major
challenge. New challenge for the erratic energy production from
renewable sources is the storage of electricity for the
electrical network stabilization. That is why carbon dioxide
recovery appears as one of the best solution for large energy
storage, as it has been decided in Germany in the program
Wind to Gas, whose goal is a storage of few terawatt hour
in the future.5. International proposals for carbon recovery
and energy storage
From this knowledge, one of our strategies is to qualify the
network modiﬁcation by the renewable energy production, a
part of the production can be stored in large super-capacitor,
but for full energy storage it needs to introduce a chemical
conversion as explained by Paul Sabatier (1912) and George
Olah (1994). In another hand Joseph Stiglitz (Nobel laureate in
economy 2001) proposes to introduce taxes on the most
industrial plants without control of carbon dioxide emission,
and President Obama has decided in September 11, 2013,
through the EPA agency, to make a carbon capture policy on
coal power electrical production for the new generation of
industrial plant.
In an endeavor to manage the future of energy supply in Europe,
European commission have tried to develop a market for carbon
emission taxes (ETS) in order to manage the emission in the form
of a tradable quota. It started in 2005 with the objective of capping
CO2 emissions via a carbon tax imposed on these companies going
over their free quotas. Today the ETS price is very low, 5–6 €/t,
due to the economic crisis.
In November 2008, the European parliament has undertaken
a second important measure, and European set following plan:
20% reduction in CO2 emission, 20% of energy output from
renewable energies, and 20% of improvement in energy
technologies.
Meanwhile, some of the most ambitious strategies so far
have focused on improving the energetic yield in fossil fuel
based operations. Currently this yield average is around 38%
over fossil fuels and reaches only 10% in the case of coal for
instance. Indeed, in between the primary source and the
operation, a lot of energy loss (leakage, inefﬁciency) gets in
the way. First of all, energy loss occurs through the number of
different steps, which are necessary to avoid from the raw
material to the ﬁnished product. Also each of these steps is not
necessarily optimized: for instance, coal is currently expensive
to transport. There are indeed considerable room for improve-
ment, which will require researches and investments in newer
technologies.
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Today, the research has started to regard carbon dioxide as a
key element to retrieve out of carbon based fuel operation, also
as an element to capture, to store and to reuse as a feedstock in
several different ways.
The ﬁrst step for the carbon recovery is to capture its emission
in the ﬂue gas of the industrial process. These new techniques can
be abbreviated under the acronym “CCS” for “carbon capture and
storage” aiming at extracting CO2 from industrial exhaust gases,
mainly from coal power plant, cement factory, or steel making in
blast furnace, etc. Most techniques used to extract CO2 from these
gas mixtures will use ammonia based washing processes where
other chemical components such as nitrogen oxide ( NOx),
mercury, sulfur oxides will be put aside. Carbon dioxide will then
be absorbed also in ammonia refrigerated scrubbers, then the
ammonia–CO2 liquid will be heated again, ammonia will be
recycled and the CO2 captured. The most important step started in
May 2012 in Norway with the opening of a very strong pilot
plant with 4000 sensors (total cost 1 billion euro) in order to test
two kinds of strategy: ammonia or amines phase. This new
process with a goal of 85% of CO2 capture outside of the ﬂue gas
with a purity of 99.9% is supported by the Norwegian govern-
ment and energy industry such as Statoil, South Africa Sasol
and Shell.
At the same time industrials are working on CO2 removal
such as: Dow Chemical - Alstom in Dow'south Charleston of
CO2 removal with amine (pilot plant 1800 t/Y), Alstom-Polish
utility PGE Electrownia Belchatow of CO2 removal with
amine (100,000 t/Y), Air Products demonstration plant with
Schwarze Pumpe, Germany, Alstom and Swedish Utility, and
Siemens with aqueous amino acid salt solution [5], etc.
Today the cost of one metric ton of carbon dioxide from
different starting pilot plant is 40–50 $/t, it is expected as
30–40 $/t in 2020 according to Mc Kinsey, however, this price
does not include the transportation and storage cost.
5.2. Carbon dioxide recovery and business plan
Taking into account that a capture industrial plant is able to
“produce” 4 million metric tons of carbon dioxide from a
1000 MW coal power plant, the management of such ﬂow
must be in agreement with any kind of industrial valorization.
From the international industrial publications (mainly from
ACS-CEN and ﬁnancial information's) [6], it is possible to
classify the valorization in three main ﬁelds: the ﬁrst one is oil
recovery from its solvent properties, the second one is energy
storage at very large scale, and the third one is new chemical
products and polymers. At last for the future the artiﬁcial
photosynthesis may be taken into account.
6. Carbon dioxide for oil or gas recovery
6.1. EOR enhanced oil recoveries
CO2 is an efﬁcient solvent which can be turned into a liquid
at 70 bar pressure and 30 1C (supercritical ﬂuid). It can be usedin the extraction of oil so-called as enhanced oil recovery
(EOR): 1 t of carbon dioxide allows extracting another 1.5 t of
oil. The Abu Dhabi International Conference on oil develop-
ment has gathered the main players in the industry around a
key question: increase the yield of current wells by horizontal
drilling and injection of liquid CO2 to “push out” the oil.
EOR is well developed in the United States, a typical
activity has been underway at Weyburn in Texas from the
project of Air Product with a grant of $284 million from DOE,
the Wall Street Journal (Jan 7th, 2012) expects an increase in
American oil production till the end of 2013. The Chinese
Shenhua Group has undertaken a Capture and Storage project
of 3.6 million tons of CO2/year dedicated to improve the yield
of oil extraction operation in Inner Mongolia.
6.2. Enhanced shale gas recovery
From the knowledge of the solvent properties, Air Liquide
starts a new program of shale gas extraction (grant of 100
million euro, Bloomberg, June 26, 2013) in order to reduce
water consumption and environmental effect of shale gas
fracking.
6.3. Enhanced hydrate recovery(EHR) by carbon dioxide
Hydrate of methane is a new fossil reserve which is present
on the continental shelf with expected reserves of around
3000 1012 m3 around the world (1 m3 can provide 164 m3of
methane and 800 l of water). The last process developed by the
Japanese team opens the way of an industrial extraction by
replacing CH4 with CO2, and by means of the way that it
permits to store CO2 in the hydrate and produce CH4. In
Germany a new program of research, SUGAR (SUbmarine
GAs Reservoirs), is devoted to develop the technique by a
large consortium of 30 partners from industry and scientiﬁc
community.
7. Energy storage and carbon dioxide recovery
To secure a sustainable energy development plan, it is
critical to integrate these “new” energies into our electrical
networks like “smart grids”. The time for use of discontinuous
electrical power is critical to the smart grid organization. It is
not an option to be chosen in the main sources of renewable
energies such as solar, wind and geothermal energy, and it is
therefore necessary to create “buffers” in the form of energy
storage. When the demand is not there the using renewable
energies can be the choice to put CO2 to work as a feedstock to
recreate hydrocarbons via methane or Fisher–Tropsch pro-
cesses. The energy storage is then achieved in the form of
hydrocarbon synthesis.
On one side we have the CO2 producers: coal, natural gas,
fuel power plants, waste treatment and burning factories,
cement factories, fuel oil factories, etc., and on the other side
we have noncarbon based energy sources like solar, wind,
nuclear, geothermal power plants, etc. The latter is in devel-
opment in Europe but the production is non-constant and
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demand but also outputs CO2.
It is therefore possible to put CO2 to use as a feedstock in
several ways:– By transforming CO2 in methane at non-peak hours to
regulate electricity production;– By transforming CO2 in methanol which is a highly useful
intermediate product in many chemical industrial processes
including the synthesis or hydrocarbon;– By gasiﬁcation of coal in order to improve the efﬁciency of
its extraction by using plasma for instance;– By putting CO2 to react with hydrogen on metallic
catalysts: these are Fischer–Tropsch type processes. The
outputs range from methane or methanol to the longest
parafﬁn with most of the types of hydrocarbons in between;– By using CO2 in the farming of micro-algae that can
synthesize various molecules, some of which can become
hydrocarbon fuels.
7.1. Transform CO2 into methane
From the famous knowledge of Paul Sabatier (Nobel
laureate of chemistry 1912) who developed the well-known
reaction: CO2þ4H2¼CH4þ2H2O with a strong exothermal
enthalpy of 165.0 KJ/mol, Germany decided to launch a 2
billion Euro Research and Development program on electrical
energy control and renewable energies in 2012. Part of the
program includes the use of methane synthesis from CO2 to
help and control gaps between sporadic production and
demand. CO2 can therefore be considered here as a true
feedstock.
The mechanism illustrated in Fig. 4 is straightforward: H2 is
generated by electrolysis of sea water using a renewable energy
such as wind or solar, then methane can be synthesized by
reaction with CO2 using metallic catalyst (Ni ) at high pressure
and high temperature. In return, it will be burned to release
energy on the grid during peak hours. 1 kW h of energy stored
in off-peak hour allows generating 0.5 kW h at peak hours while
electricity difference between off-peak and peak hours is 10
times, which gives a positive ﬁnancial output to the process.
One test project has been developed by Hashimoto from
Sendai Technology Institute. In this operation, CO2 isFig. 4. Conversion of CO2 into methane CH4.transformed into methane by using electrolysis using seawater
and metallic catalysts (catalysts based on zirconia–samarium
ceramic with a layer of amorphous nickel as the catalyst active
sites). This operation has been transferred in Thailand as part
of a joint venture between Hitachi Zosen Corp, Daiki Ataka
Engineering Corp and PTTEP which is a Thailand national
petroleum corporation, in order to develop further a solar
energy based operation which will synthesize methane from
CO2, sea water and solar electrical energy [7].7.2. Carbon dioxide and electrical network regulation
Taking into account the sporadic energy production from the
renewable energy sources we can propose the next diagram for
the electrical mix in agreement with the German program wind
to gas (a 2 billion Euro program starting in Jan 2013). In this
program the main production of electricity is coming from the
usual technique such as coal, waste and nuclear plants, while
the regulation uses gas turbine and water dam, but the excess
of energy including the electrical production from renewable
sources (wind and solar) is stored by the electrolysis of sea
water, to produce the hydrogen reacting with carbon dioxide to
give back methane for the gas turbine.
At the same time Audi (Volksvagen, Germany) has pro-
posed to store renewable energy to methane for new engine
named turbo compressed natural gas with a consumption of
4 Kg of gas per 100 Km.7.3. Transforming CO2 into methanol
Based on the idea of the Nobel laureate George Olah,
recovering carbon dioxide and storing energy by using CO2
and H2 to produce methanol, a new plant of methanol was
ofﬁcially opened in April 2012 in Reykjanes by Methanex
group in Iceland which produced methanol of ﬁve million
liters (or 4000 t) per year.
Methanol has the advantage of being a liquid at normal
conditions of pressure and temperature, therefore, its storage is
not 22.4 liters per mole but 0.32 liter per mole, as shown in
Fig. 5. This opens the way for diverse industrial chemicalFig. 5. Chemical pathways from CO2 to liquids (from BMBF-Max Planck
Institute-Siemens seminar 22/09/2009 Warsaw Sept 2010), where DME is
dimethylether, MTBE is methyltributylether, and DMC is dimethylcarbonate.
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lene, polypropylene) to protein extraction in micro-algae
farming with other various applications such as improving
the octane of traditional gasoline.
Methanol is synthesized by reaction of CO2 and H2 at
300 1C under 70 bar in a reactor with a metallic catalyst
(copper and zinc oxides on an alumina based ceramic, Cu/
ZnO/Al2O3). The ceramic is particularly adapted to this highly
exothermic reaction. A pilot plant of 100 t/Y has been built
and running well since 2009 by Mitsui chemicals in Japan. In
China, Wei and his coworkers have found novel catalyst (ZrO2
doped CuZnO) for methanol synthesis from CO/CO2 hydro-
genation. The ZrO2-doped CuZnO catalyst showed high
activity and high selectivity towards both CO and CO2
hydrogenation [8], the Zr–Cu/ZnO catalyst showed high
stability after running for 1000 h, and a single tube test
platform has been build in Shanghai since 2013.
Transforming methanol into polymers is also a route that has
been explored in Dalian Institute of Chemistry and Physics,
which has realized an industrial size reactor using a ﬂuidized
bed technique to transform methanol into ethylene, and its
output reached 600,000 t per year.
7.4. Using CO2 to transform coal in syngas
Coal transportation is relatively high and not so ﬂexible, it is as
expensive as the extraction itself for a typical transport of a
1000 mile or so. Therefore, it makes sense to explore the route of
transforming coal into syngas on the spot and then use pipes to
convey the syngas up to electrical power plants, or to be supplied
to chemical operations where it will be converted to hydrocarbon
fuels by a Fischer–Tropsch process as shown in Fig. 6 [9].
Transforming coal into syngas is an endothermic gasiﬁca-
tion. It can be achieved using CO2 in a reaction called
Boudouard reaction
CsolidþCO2gas-COþOadsorbed COadsorbed-COgas
This endothermic reaction requires not only energy
(ΔrHf¼172.3 KJ mol1), but also the coal to be grinded in
order to be used in reactors with ﬂuidized beds at 1.5 MP.Fig. 6. General presentation of a gAs shown in Fig. 6, in the ﬁrst step the steam is needed for
mass balance of industrial process since a consumption of 4 l
of water per liter of synfuel is required.
In the framework of a European Commission program, a
Polish team has developed a gasiﬁcation reactor using a mix
CO2þO2 on a coal ﬂuidized bed. The next step in the project
is developing an on-site operation using horizontal drilling
techniques on coal layers to realize gasiﬁcation directly at the
source. This method requires producing oxygen beforehand
which can be done by air distillation. In order to avoid this
step, another technique has been developed by a Russian team
who intend to use electrical energy through a plasma torch
using pure CO2. These plasma torches have a power ranging
from 1 to 10 MW and allow the cracking of CO2 into COþO
by reaction on a ﬁxed coal bed. It gives 2CO molecules, which
can be used for energy storage. An experimental unit has been
built by Professor P. Rutberg from the Saint Petersburg
Institute for Electric Power and Electrophysics. It comes with
several technical improvements in the electrodes, which save
the erosion by the atomic oxygen produced by the plasma so
that the lifetime of a unit was extended up to 2000 h [10].
This technique produces syngas either on a coal bed or on
reacting materials coming from disposable municipal waste,
which can be used either to synthesize hydrocarbon fuels or to
produce electricity. This ﬂexibility allows matching the timing
of demand from end-consumers. This technology has been
transferred to Japan in the form of two industrial operations
managed by Hitachi Me.7.5. Transforming CO2 into hydrocarbon fuels
(Fischer–Tropsch process)
Fischer–Tropsch process transforms coal into syngas
(COþH2) and then into hydrocarbon fuels, as invented and
developed by two German Chemists in the 1920s. Late this
process was used by South Africa during embargo in order to
have use of liquid fuels. More recent studies have been
realized by D. Hildebrand in South Africa and made it possible
to engineer a process to directly convert a mix CO2þH2 into
liquid fuels [11,12]. This process was patented in 2007 andasiﬁcation industrial process.
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fuel in connection with Sasol company.
China is working as well in this area in Inner Mongolia: The
Shenhua group has started a program named Erdos whose goal
is production of 1 million tons per year of diesel using that
technique, now Yitai plant of 160.000 t/Y and Luan Plant of
160.000 t/Y for diesel, ammonia and urea production are under
successful running.Fig. 7. A 10,000 t/Y production line in Zhejiang, China.7.6. Transforming CO2 to ethanol
Lanzatech and Siemens Metals Technologies will develop
Lanza Tech for converting CO/CO2 from steel mill off-gases to
ethanol. This technique is working today at two steel plants
in China.7.7. Putting CO2 to work for the production of micro-algae
This new process is using CO2 to boost the photosynthesis
of micro-algae to achieve better yield in the production of
proteins and lipids coming from these algae. This technique
ﬁnds application in cosmetics, food preservatives and biofuel
production. Several research centers such as the French
INRIA, University of Montpellier, University Pierre et Marie
Curie have been involved in developing these techniques
alongside with several industrial groups. Also, in Spain the
Almeria center of Endesa company has been working thor-
oughly in this ﬁeld over the last ﬁve years with an industrial
platform.
In Montpellier, an ALGOTHEQUE (Algae library) has been
created and has become a repository of thousands of different
algae species which are classiﬁed in a database and can be
searched according to the properties and characteristics of the
proteins or lipids that they can help to synthesize. Considering
about the output of microalgae with other biomass processes,
rapeseed oil output is 1 g/m2/day, and cane sugar output is
10 g/m2/day, while microalgae gives 50 g/m2/day. The Mur-
doch University of Australia uses tubular bioreactor of 1000 l
to produce biodiesel from micro-algae, where 1 kg of micro-
algae consumes 1.8 kg of CO2 [13]. Fuzhou Xiangli Enterprise
management (China) and Advanced Algae Technologies
(Australia) have decided a deal of $100 million in 2012 to
develop 3000 m2 warehouse with a system which can produce
200 t/day of algae or 50,000 l of oil, which can consume CO2
of 130,000 t/Y.7.8. Artiﬁcial photosynthesis
For artiﬁcial photosynthesis, the starting point is the catalysis
material which is a nanotube system of TiO2 or organo-catalysis
with semiconductor properties similar to the organic photovoltaic
studies. At the same time many works are starting by using
photolysis of water for hydrogen production such as IREC, these
new works are correlated with the groups of geologists who study
the hydrogen production from natural catalyst on the rift.8. CO2 as a new feedstock for chemical engineering
Using highly puriﬁed carbon dioxide, high added value
chemicals can be synthesized for the beneﬁt of a wide variety of
sectors of the chemical industry. CO2 is a base product of
petrochemical industry, and urea, a classic fertilizer of whose
output is around 70 million tons per year, is one of the most
successful example for large scale ﬁxation of CO2. In addition to
urea, CO2 can be utilized to make organic carbonates like dimethyl
carbonate, propylene carbonate, etc., or inorganic carbonates like
sodium carbonate (an important raw material for glass industry) or
calcium carbonate. CO2 is also used to prepare salicylic acid, an
important intermediate for pharmaceuticals.
Recently, CO2 has been used as the starting material for
polymers such as polycarbonate, polyurethane, etc. Polycarbo-
nate from CO2 not only exhibits interesting material properties,
but also has the additional environmental advantages resulting
from their biodegradability. In the past decade, great progress
has been made in the synthesis of atypical polycarbonate, poly
(propylene carbonate) (PPC), both in academic research and
industry. It should be noted that in industry practice, China has
been at the forefront of the world and attracted the attention of
the world; production line with ten thousand ton per year has
been setup (Fig. 7) [15].
The valorization of carbon dioxide is starting from the
world. As a new raw material, this simple molecule opens the
way of sustainable development in agreement with the natural
processes such as photosynthesis or carbonate formation from
cocolithe algae.9. Conclusions
The general proposal for a sustainable development must
take into account the globalization of economic, environmental
and energetically aspects of our planet with two main evolu-
tions in the next 40 years: an increase of the world population
from 7 to 10 billion of capita and an energetically demand
growing from 4.5 1020 J to probably 8.0–9.0 1020 J. Since
the annual carbon dioxide emission increases from 15 billion
tons in 1975 to 35 billion tons in 2013, we can expect more
than 60 billion tons of annual emission in 2050 (400 ppm CO2
in 2013 and may be more than 550 ppm in 2050).
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(June 2012), and many international meetings about the
climate change from Kyoto to Warsaw (2013), it seems very
clear that the proposal of a decreasing of the global energy
consumption is unfortunately rejected by the major countries
of the G20.
Speaking of sustainable development has to take into
account that an increase of the wellbeing of many countries
needs more energy, and at the same time the population is
moving from the country side to megalopolis of 10 to 20
million of capita. In term of energy consumption each town
needs around 150 terawatt for OCDE country, and may be
100 terawatt for the next BRIC countries; but in any case 10 to
20 terawatt of energy storage is needed for the safety of such
big town. So the carbon dioxide emission is therefore increas-
ing and at the same time the air pollution needs to be solved by
political decision. These rules appear for the water control
during the last 20 years in Europe, the European directives are
more recent for the air and byproducts emission, but it seems
now that some large countries such as China, United States of
America, and Russia are going to modify the rules to decrease
the health consequences.
Through all the technical and economical literature we
clearly identify that we need decarbonize sources that mean
carbon capture or NTE or nuclear plants. In 2013 we have to
observe that 1200 coal plants are under construction around the
world, the carbon capture is one of the main solutions.
However, we have to remember that a coal power plant of
1000 MW produce around 5 million ton of CO2 with the
turbine of 30% of efﬁciency, the valorization of CO2 is badly
needed.
That is why the development of carbon dioxide capture has
to be connected with a new industrial business and the main
one is, for the future, the energy storage for large megalopolis
town. By that way the carbon dioxide could be recycled in the
same site where we do energy storage and carbon capture, it
gives us a great advantage for a ﬂexible production of
electricity from oxy-combustion gas power station during the
spot time.As we point out in this paper coal gasiﬁcation and Fisher
Tropsch are the second way to decrease the international
political crisis on oil price and economic development. But in
any case we have to underline that $15,000 billion of
investment is needed for the development of new power
stations around the world, and take care that the biofuel,
though comes from corn, sugar or wheat, alters the cost of the
human food and the reserves of drinking water.
To conclude, carbon dioxide recovery as a raw material
opens an industrial revolution, new processes are starting
around the world, mainly in China, United States of America,
and Germany. The connection between NTE, nuclear plants
and carbon dioxide for energy storage and synfuel is the next
step of the world energy revolution.References
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